The effect of the boron potential on the thickness and the mechanical properties of borided layers was evaluated. The boron potential was established by means of the available atoms of boron contained in a control volume inside a cylinder. The cylinders were manufactured from AISI 316L steel, and the boriding treatment was performed using the powder pack technique at a temperature of 1273 K over an exposure time of 6 h. Four different internal diameters of the cylinders were evaluated (3.17, 4.76, 6.35, and 7.93 mm). The mechanical properties were evaluated using the Berkovich instrumented indentation technique. The results showed a clear influence of the boron potential on the mechanical properties of the layers. The hardness of the layers was stablished in the range of 16.22 to 21.16 GPa. Young's modulus values were stablished in the range of 255.96 to 341.37 GPa. Also the fracture toughness and brittleness of the layers reflected the influence of the boron potential supplied during the boriding process. Finally, the influence of the boron potential on the constant of parabolic growth (K) was also established as a function of the inner diameter of the cylinders.
Introduction
In the recent decades, the use in orthopedic applications of some metals, such as titanium alloys, cobalt alloys, and stainless steel, has been highly favored because of their good mechanical properties. Nevertheless, although these metals are specially designed to address corrosion, they tend to corrode when in contact with body fluids [1] . AISI 316L steel is considered a biomedical steel because its low carbon content does not cause intercrystalline corrosion. However, this type of steel may corrode inside the body under certain conditions [2] .
The use of different processes of surface modification of AISI 316L steel has been presented as an alternative to minimize the corrosion when the material is in contact with living tissues [3] . Boriding is one of the most recently used processes to modify the surface of metallic materials. During the boriding process, atoms of boron are diffused into a metallic matrix to enhance the mechanical and chemical surface properties of the treated materials. The process takes place in solid, liquid, or gaseous media. The most commonly used method is pack boriding because it is cheaper and easier to perform than the others [4, 5] . During the pack boriding process, boron is generally provided from boron carbide (B 4 C) or amorphous boron, an activator to deposit atomic boron at the surface substrate and a diluent. The process involves embedding the samples in the powder mixture and sealing them in a container. The container is then heated to the established temperature for the required amount of time according to the desired results [6] . By means of boron 2 Advances in Materials Science and Engineering [7] . Different features, such as the chemical composition of the substrate, the boron potential supplied during the process, the temperature, and the treatment time, determine the resulting single or double phase layer. Likewise, the thickness of the boride layer is determined by the above-mentioned conditions [8] . This work evaluates the influence of the boron potential on the mechanical properties of borided layers. The samples were cylinders with different internal diameters, which allowed modification of the available amount of boron for the formation of borided layers. The main objective of the work was to establish the behavior of the mechanical properties of the borided layers when a preestablished amount of boron was supplied. The boron-area ratio is a direct function of the inner diameter of the samples; therefore, as the diameter is increased, the boron potential is also increased, and the mechanical properties of the layers are influenced by the increase.
Materials and Methods

Boriding Treatment.
Cylindrical samples of AISI 316L steel with diameters of 25.4 mm and lengths of 50.8 mm were used to make four cylinders with different internal diameters (3.17, 4.76, 6 .35, and 7.93 mm).
The chemical composition of the steel was 0.03% wt. C, 1.0% Si max, 2.0% wt. Mn max, 16/18% wt. Cr, 10/14% wt. Ni, 2/3% wt. Mo, 0.045% wt. P max, and 0.03% wt. S max, according to the distributor SISA, Mexico.
The cylinders were drilled to a depth of 48.8 mm to prevent the boriding agent from escaping the samples (see Figure 1 ).
The inside of the samples was filled with a boriding agent containing 5% wt. of B 4 C as boron donor, 5% wt. of KBF 4 as activator, and 90% wt. of SiC as diluent, with a powder size of 50 m [9] . The content of boron in the mixture allowed for the formation of the layers with a minimum amount of boriding mixture in the inner of the cylinders, which was called the Volume of Control. The weight of the mixture was registered to estimate the exact amount of boron atoms available for the layer formation (see Table 1 ) by considering the chemical reaction during the thermochemical treatment as follows:
(1) In reaction (1), the KBF 4 , which was added as an activator, melts at the boriding temperature and helps in sintering of the particles; thus, it is not a source of free boron [7] . In that sense, the fraction by weight of active boron in B 4 C [ (B) B 4 C ] can be obtained as follows:
where B and C are the atomic weights of boron and carbon, respectively. The weight of the powder mixture mix (kg), in a specific volume, is obtained as
Because the powder mixture contains 5% wt. of B 4 C, the weight of boron available in the powder mixture (B) is obtained as
where mix is the weight of the mixture on the inside of the cylinders, (B) mix is the weight of boron available in each sample, mix is the experimentally estimated density of the powder mixture (1240 kg/m 3 ), and mix is the volume on the inside of the samples. The available amount of boron atoms can be estimated by considering the atomic weight of boron.
The cylinders were collocated into a container of AISI 304 steel and embedded in SiC. A conventional furnace for Advances in Materials Science and Engineering 3 thermochemical treatments was used for the development of the process. The treatment conditions were established at 1273 K for 6 h. After the treatment was concluded, the container was removed from the furnace and was slowly cooled to room temperature. The samples were prepared by standard metallographic techniques for microscopic examinations using GX51 Olympus equipment to determine the borided layer thickness. At least fifty measurements were performed from a fixed reference on different sections of borided samples; the mean thickness values of the FeB and Fe 2 B phases are depicted in Table 2 .
Kinetics of Growth.
The kinetics of the growth of the layers is controlled by the boron diffusion, so the growth of borided layers occurs as a consequence of the boron diffusion in the perpendicular direction to the sample surface [10] . The growth of the FeB and Fe 2 B phases obeys a parabolic law as follows:
where is the layer thickness for both the FeB and Fe 2 B layers, is the constant of parabolic growth, and is the treatment time.
As established previously, the boron potential is represented by the amount of boron mixture on the inside of the cylinders. In that sense, the layer thickness can be related with the boron potential by plotting the experimental layer thickness versus the inner diameter of the cylinders. The best fit of the resulting curve showed a tendency line in potential form as follows:
Finally, relating (5) and (6), the constant of parabolic growth can be estimated as a function of the boron potential:
where and are the resulting parameters of plotting versus in a potential form and is the inner diameter of the cylinders, which represents the available boron potential for the boriding process. using Bruker D8 FOCUS equipment with CuK radiation at = 1.54Å. The mechanical properties in both phases, such as the hardness and Young's modulus, were evaluated by means of the instrumented indentation technique with the aid of a nanohardness tester (TTX-NHT, CSM Instruments) using a Berkovich indenter and following the methodology established by Oliver and Pharr [11] . According with Oliver and Pharr method, in nanoindentation, the depth of penetration of a diamond indenter is measured along with the prescribed load. The resulting load-displacement response typically shows an elastic-plastic loading followed by an elastic unloading (see Figure 2) . The elastic equations of contact are then used in conjunction with the unloading data to determine Young's modulus and hardness of the specimen material as follow:
where is the hardness of the specimen, is the applied load, is the contact area at peak load (24.49 ℎ 2 ), ℎ is the experimentally measured contact indentation depth, 24.49 is a constant related with the geometry of the indenter, is Young's modulus, ] is Poisson's ratio of the sample (0.3), ] is Poisson's ratio of the indenter (0.07), is Young's modulus of the indenter (1141 GPa), is a reduced modulus of the indentation contact, and is the stiffness of the sample.
A set of ten indentations was realized in the compact zone of both phases FeB and indentations [12] . The indentation load was established at 300 mN because the generation of cracks was evident with that load.
The fracture toughness ( ) in both phases was evaluated based on the condition that when / ≥ 2.5, the exhibited cracking regime is considered radial media. This condition was observed in the FeB phase, so that the fracture toughness in that phase was evaluated by applying a model proposed by Anstis et al. [13] as follows:
where 0.016 is a constant related to the properties of the Berkovich indenter, is Young's modulus, is the hardness at the respective phase of the layer, is the applied load, and is the length of the crack measured from the center of the indentation print (see Figure 3) .
On the other hand, the Palmqvist cracking regime was observed in the Fe 2 B phase because the relation (1/ ) −1/2 tended to be near 0.68, which was a condition reported by Laugier [14] . In addition, the cracking process in the Fe 2 B phase satisfied the condition of 0.25 ≤ / ≤ 2.5, proposed for the Palmqvist regime. Therefore, the fracture toughness at the Fe 2 B phase was evaluated by means of a model proposed by Laugier, as follows:
where is a constant that is numerically determined (0.015), is the half diagonal length, and is the crack length measured from the corner of the indentation print (see Figure 3) .
The crack length was measured with the aid of a scanning electron microscope (SEM) (JEOL, JSM-7401) as described in Figure 3 .
Finally, the behavior of the brittleness ( ) of the FeB and Fe 2 B phases was evaluated by means of a model proposed by J. B. Quinn and G. D. Quinn [15] ; the influence of the boron potential on the brittleness of the layers is related on the fracture process and the deformation process as follows:
According to the Quinn model, the brittleness of the layers is highly related with the fracture process because the brittleness values are highly sensitive to small variations in the fracture toughness values.
Results and Discussion
3.1. Microstructure. Optical examination of the surface of AISI 316L borided steels revealed the presence of two phases of borides in samples 2, 3, and 4, which were assumed to be FeB/Fe 2 B because of the difference in the contrast of the interface (Figure 4 ). This assumption was corroborated by the XRD analysis, as shown in Figure 5 , in which the outermost phase is FeB and the inner phase is Fe 2 B. In sample number 1, only small isolated portions of FeB phase were generated, so it is possible to assume that the amount of boron provided in that sample was enough for the formation of a monophasic Fe 2 B layer.
Likewise, in samples 2, 3, and 4, it is possible to observe how the FeB phase increased in thickness as the boron potential was increased, even though the treatment conditions (time and temperature) were constant during the process. This behavior suggests that the thickness of the FeB phase on the borided layers can be controlled by controlling the boron potential during the boriding treatment, which represents a great advantage because the FeB phase is considered as an undesirable subproduct of the boriding process [16] .
In comparison with carbon steels, where the resulting layers have saw-toothed shape, the morphology of the growth interfaces of the borided layers in the AISI 316L steel was flat (see Figure 4) . This morphology can be explained because the high content of alloying elements in the substrate tends to react with boron and forms different compounds, such as CrB, Cr 2 B, and Ni 3 B [17, 18] . Figure 6 shows the best fit of the graph of the layer thickness versus the inner diameter of the samples and the values and for both phases are summarized in Table 3 .
The resulting equations for the evaluation of the constant of parabolic growth, according to (7) , are as follows: 
In Figure 6 , the difference in the inner diameter of the samples has a strong influence on the thickness of the layers, even when the boron potential in the smallest cylinder (sample 1) was sufficient for the formation of the layers. Such behavior can be explained by the fact that the atoms of boron are confined in a cylinder so that the diffusion process could be more efficient because of the total amount of boron atoms interacting with the surface of the sample. Additionally, the amount of available atoms of boron for the layer formation increases proportionally to the inner diameter of the samples, as shown in Table 1 . The amount of atoms of boron mentioned above could be evaluated accurately because the samples were cylinders with a specific volume, which is called the "Volume of Control. " Likewise, according to the reaction that occurs during the boriding process, the only source of boron available for the layers formation is B 4 C [7] , which represents 5% wt. of total mixture on the inside of the samples. Conversely, in Figure 1 , the total area to cover with borided layers is given by the relation = ℎ, where is the area to cover with the borided layer, is the inner diameter of the cylinders, and ℎ is the height of the cylinders. According to the values summarized in Table 1 , the available amount of atoms of boron for the formation of the layers increases as the inner diameter of the cylinders is increased. This condition suggests that the layer thickness will increase by increasing the inner diameter of the cylinders. The experimental results confirmed this hypothesis because the thickness of the layer was increased with the increase in the inner diameter of the samples, as shown in Figures 4 and 6 . Figure 7 shows the behavior of the constant of parabolic growth ( ) as a function of the inner diameter of the samples.
The values of ( ) in both phases FeB and Fe 2 B increase as the inner diameter of the samples increases, which indicates a controlled diffusion process. The results shown in Table 2 6 Advances in Materials Science and Engineering suggest that the thickness of the FeB phase can be controlled by controlling the boron potential during the thermochemical process.
Mechanical Characterization.
The hardness behavior of the FeB and Fe 2 B phases as a function of the inner diameter of the samples is shown in Figure 8 (a) and summarized in Table 4 .
According to the graph, the hardness of the layers increased as the boron potential was increased. This behavior can be explained because the sample with the lowest boron potential (sample 1) did not exhibit a layer with the FeB phase, whereas the sample with the highest boron potential (sample 4) exhibited the biggest FeB phase (see Table 2 ). The greatest thickness of FeB phase results as a consequence of the increment in the flux of boron due to the increased inner diameter of the samples (Figure 9) . Likewise, the FeB phase is harder than the Fe 2 B phase, so it is expected that the layer with the thickest FeB phase has the highest hardness as well. Nevertheless, the formation of a monophasic layer (Fe 2 B) is more desirable than that of a biphasic layer with FeB and Fe 2 B due to the difference in the thermal expansion coefficient between both phases [19, 20] . This behavior highlights the importance of controlling the boron potential during the boriding process in order to control the mechanical properties of the achieved layers.
Young's modulus behavior was established as a function of the boron potential, and its values are summarized in Table 4 . According to the results, the boron potential provided during the process has a strong influence on Young's modulus of the layers because, as the boron potential increases, the hardness of the layers increases and Young's modulus is directly related to the hardness of the layers [21] . In addition, Young's modulus of the FeB phase remained practically constant, whereas, in the Fe 2 B phase, it increased drastically as the boron potential was increased (see Figure 8(b) ). The increase in Young's modulus values in the Fe 2 B phase generates an increase in the brittleness of the layers [13] [14] [15] ; therefore, by controlling the boron potential during the process, it may be possible to control the brittleness of the layers.
The fracture toughness of the borided layers was evaluated by applying two different models as a function of the Advances in Materials Science and Engineering Figure 10 and summarized in Table 5 .
The results indicate that the layers formed in the presence of the lowest content of boron (sample 1) were less susceptible to fracture than those with the highest boron content (sample 4). Likewise, the layer with the thickest FeB phase is also more apt to fracture. This behavior highlights the influence of the hardness in the fracture toughness values because, as the hardness increases, the fracture toughness also increases. The fracture toughness of the borided layers was evaluated with a constant load of 300 mN, so that it was not necessary to consider the load-independent hardness values to eliminate the effect of the apparent hardness into the fracture toughness equations [22] . Likewise, the applied models only consider the cracks generated in the corners of the indentation prints. Finally, the brittleness of the FeB and Fe 2 B phases was evaluated as a function of the different inner diameters of the samples, in order to establish the influence of the boron potential on the brittleness of the layers. According to the results depicted in Figure 11 and summarized in Table 6 , the FeB phase exhibited higher brittleness than the Fe 2 B. This difference in the brittleness values of both phases is because, according to J. B. Quinn and G. D. Quinn model [15] , the brittleness of the layer is highly dependent on the fracture toughness, so that as the fracture toughness is increased, the brittleness of the layers decreases. Likewise, the brittleness of the layer tended to increase as the boron potential was increased, which confirms the assumption that the mechanical properties are strongly related to the boron potential supplied during the boriding treatment. 
Conclusions
The following conclusions can be derived from the present study.
(a) The boron potential can be established as a function of the inner diameter of a cylinder, where the variation in the boron potential is a result of varying the inner diameter of the cylinder.
(b) The layer thickness was increased by increasing the boron potential, which is reflected in the values of the constant of parabolic growth.
(c) The hardness of the FeB phase was practically constant and was established in a range of 20.47 to 21.16 GPa, whereas the hardness of the Fe 2 B phase increased in the range of 16.22 to 18.18 GPa as the boron potential was increased. This behavior is related to the increase in the FeB thickness. (e) The influence of the boron potential on the borided layers is clearly reflected in the thickness of the FeB phase because the FeB phase increased as the boron potential was increased, which suggests that it is possible to achieve a monophasic Fe 2 B layer by controlling the boron potential during the process.
